1. Introduction {#sec1}
===============

Acute pancreatitis (AP) is a complex pathological process, depending on autodigestion caused by premature activation of zymogens. Most cases of AP are mild, with recovery period within 5--7 days by conservative treatment. Nonetheless, there is about 15%--20% of patients under a severe, protracted course leading to lethal attacks \[[@B1]--[@B3]\]. Numerous studies showed that pancreatic necrosis is crucial for the development of mild acute pancreatitis (MAP) to severe acute pancreatitis (SAP) \[[@B4]--[@B6]\].

MAP has a short course, and the pancreatic structure and function could be fully restored, while, in SAP, once the acinar cells necrosis happened, the rupture of acinar cell membrane could release a series of inflammatory factors, including TNF-*α* and IL-6, resulting in systemic inflammatory response syndrome; at the same time, the pancreatic structure and function would be damaged seriously. A large number of clinical and experimental researches suggest that, after AP, especially after SAP, endocrine and exocrine function of the pancreas often suffer varying degrees of damage, even developing permanent sequelae of pancreatic dysfunction \[[@B7]--[@B9]\]. Therefore, protecting acinar cell against necrosis in the early phase of AP would play a vital role in the pathological processes of AP.

Aspirin (Acetylsalicylic Acid, ASA), one of nonsteroidal anti-inflammatory drugs (NSAIDs), is one of the most widely used medications in the world because of a wide range of pharmacological effects, such as anti-inflammatory, analgesic, and antiplatelet effects \[[@B10]\]. In addition to the above, early evidence suggests there are beneficial effects of aspirin in preclinical and clinical studies in cancer prevention \[[@B11], [@B12]\], immune system \[[@B13]\], and mental illness \[[@B14]\], for instance. In view of this, the potential clinical importance of aspirin probably goes beyond our imagination.

To date, very few studies have addressed the role of aspirin in acute pancreatitis. Akyazi et al. \[[@B15]\] reported that long-term ASA pretreatment could prevent and/or ameliorate certain hematological, serological, and histological alterations caused by caerulein (Cae) induced AP. However, the specific role of aspirin in acute pancreatitis has not been elucidated and whether aspirin can protect against acinar cells necrosis is not clear. Collectively, this study was designed to investigate the role of aspirin in a SAP experimental model induced by Cae combined with Lipopolysaccharide (LPS).

2. Materials and Methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Female ICR mice, weighing between 23 and 26 g, were obtained from Vital River Company (Beijing, China). Before experiment, the animals were fed standard rodent chow and water, monitored in a controlled temperature and under a 12 h light/dark cycle for at least a week. The Principles of Laboratory Animal Care (NIH publication number 85Y23, revised 1996) were followed, and the experimental protocol was approved by the Animal Care Committee, Peking University Health Science Center (LA2010-059).

2.2. Induction of SAP and Experimental Design {#sec2.2}
---------------------------------------------

Mice were injected with 7 doses of Cae (50 *μ*g/kg, Ana Spec, Inc., San Jose, CA, USA) at 1-hour intervals intraperitoneally; then intraperitoneal injection with LPS (7.5 mg/kg, Santa Cruz, CA, USA) was carried out one hour later, to induce SAP model.

Animals were randomly assigned to 4 groups (each group had 8--12 mice): control, SAP, L-ASA, and H-ASA. The mice in control group mice were given saline (0.9% NaCl) solution intraperitoneally instead of Cae and LPS. Aspirin (Sigma-Aldrich, St. Louis, MO) suspension liquids were prepared in 0.5% of carboxyl methyl cellulose sodium (CMC-Na, Kemiou Chemical Reagent Corp, Tianjin, China). Two doses of aspirin (12.5 mg/kg, 125 mg/kg) were used to pretreat SAP, based on average human body weight of 60 kg, and these doses correspond to approximately 100 mg and 1000 mg per day in human, respectively \[[@B15], [@B16]\]. Vehicle (CMC-Na) or aspirin was administered 1 h before the first Cae injection.

2.3. Sample Collection and Preparation {#sec2.3}
--------------------------------------

Animals were sacrificed under anesthesia by intraperitoneal injection of pentobarbital sodium at 24 h, until the onset of anesthesia; their pancreas and lung were dissected immediately. Blood samples were collected before and 12 and 24 hours after first Cae injection for amylase and lipase analysis. A portion of the pancreas and lung was fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4) for 12 h for histological analysis. The rest of the portion of pancreas and lung was stored at −80°C for further investigation.

2.4. Myeloperoxidase (MPO) and Cyclooxygenase (COX) Assay {#sec2.4}
---------------------------------------------------------

To carry out the assays, pancreas tissue samples were thawed and homogenized in normal saline. The tissue homogenate was assayed for MPO activity and COX-1 and COX-2 level with test kits. All procedures were followed in accordance with the manufacturer\'s instructions (Nanjing Jiancheng Corp, Nanjing, China).

2.5. Serum Amylase and Lipase Assay {#sec2.5}
-----------------------------------

Blood was obtained by retroorbital bleed. Serum amylase and lipase were determined by using enzymatic methods. Activity of lipase and amylase was determined using lipase kits (Nanjing Jiancheng Corp., Nanjing, China) and amylase kits (Zhongsheng Beikong Bio-Technology, Beijing, China). All procedures were done in accordance with the manufacturer\'s instructions.

2.6. Histological Examination {#sec2.6}
-----------------------------

Pancreas and lung tissue samples were fixed in 4% phosphate-buffered formaldehyde, embedded in paraffin blocks, stained with hematoxylin and eosin, and examined with a light microscope. The histopathological scoring analysis of pancreas and lung was performed blindly by two pathologists according to previously described methods \[[@B17], [@B18]\].

2.7. Real-Time Reverse Transcriptase-PCR (RT-PCR) {#sec2.7}
-------------------------------------------------

Total RNA was extracted from pancreas tissue using the Trizol reagent (Invitrogen, USA) according to the manufacturer\'s instructions. The extracted total RNAs were dissolved in diethylpyrocarbonate (DEPC) water and stored at −80°C. RNA was reverse-transcribed using a RT kit (Invitrogen, USA). The specificity of the primers was confirmed using the BLAST program. All samples were quantitated by using the comparative CT method for relative quantitation of gene expression, normalized to 18S. The primer sequences used to amplify mRNAs were shown in [Table 1](#tab1){ref-type="table"}.

2.8. Immunohistochemistry {#sec2.8}
-------------------------

The mentioned antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, California, USA). In brief, formalin-fixed, paraffin-embedded samples were cut into 5 *μ*m sections and each tissue section was deparaffinized and rehydrated with graded ethanol. The tissue was placed in EDTA antigen repairing buffer (PH 8.0) for antigen retrieval in the microwave oven. After natural cooling, tissues were put in phosphate-buffered saline (PBS) at pH 7.4 three times, each time for 5 min. Then tissues were incubated at room temperature for 25 minutes in the dark with 3% hydrogen peroxide solution. Slides were incubated overnight at 4°C in a humid chamber with an antibody against MPO (1 : 100 dilution), NF-*κ*B p65 (1 : 100 dilution), Bax (1 : 200 dilution), Bcl-2 (1 : 500 dilution), and caspase 3 (1 : 300 dilution). Then tissues were incubated by biotinylated secondary antibody (1 : 200 dilution) for 50 min. Finally, sections were counterstained with hematoxylin. The slides were observed under a light microscope. Immunohistochemistry and quantitative analysis of protein expression is according to previously described methods \[[@B19], [@B20]\].

2.9. Western Blot (WB) {#sec2.9}
----------------------

Briefly, pancreatic samples were homogenized in ice-cold radioimmunoprecipitation assay (RIPA, Beyotime Biotechnology, Beijing, China) buffer containing 1 mmoL/L phenylmethanesulfonyl fluoride (PMSF, Beyotime Biotechnology, Beijing, China) and a cocktail of protease inhibitors (1 : 100 dilution, Roche, Shanghai, China). Protein concentrations were determined using the BCA method (Thermo Fisher Scientific, MA, USA). Equal amounts of protein (50 *µ*g) per lane were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes. The membrane was blocked by 5% (w/v) bull serum albumin (BSA, Biosharp, Beijing, China) in Tris-buffered saline/0.05% Tween-20 (TBST) at room temperature for 2 h in a covered container and incubated overnight at 4°C with primary antibodies against receptor-interacting serine/threonine-protein kinase (RIP) 1 and 3 protein (1 : 1000 dilution, CST, MA, USA), and phospho-mixed lineage kinase domain-like protein (p-MLKL, 1 : 1000 dilution, Abcam, Hong Kong, China) in blocking buffer. On the next day membranes were washed with TBST (3 × 10 min) and incubated with a secondary goat anti-mouse or goat anti-rabbit IgG horseradish peroxidase (HRP) antibody (1 : 10000 dilution, Sigma-Aldrich Co., St. Louis. MO, USA) diluted in 5% (w/v) dry nonfat milk in TBST for 1 h at room temperature. Finally, membranes were washed with TBST (3 × 10 min), developed using the ECL detection system (Santa Cruz Biotechnology), quickly dried, and exposed to ECL flm.

2.10. Quantification of Apoptosis {#sec2.10}
---------------------------------

Apoptosis was quantified on pancreatic tissue by the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL, Roche, Shanghai, China) assay. Briefly, sections of 5 *μ*m thickness were prepared from pancreas. Sections were stained according to the manufacturer\'s protocol and examined with light microscopy. The apoptosis index was calculated as the percentage of stained cells, as described previously \[[@B21]\].

2.11. Statistical Analyses {#sec2.11}
--------------------------

Results are presented as the mean ± SD. The Kruskal--Wallis test followed by the Mann--Whitney*U* test was used to evaluate the differences in histopathologic scores. Statistical analysis was performed using one-way ANOVA followed by the Student--Newman--Keuls test as a post hoc test. A value of *P* \< 0.05 was considered statistically significant. Statistical analysis was finished by the SPSS 13.0 statistical program.

3. Results {#sec3}
==========

3.1. Aspirin Reduced Serum Amylase and Lipase Levels and Alleviated the Histopathological Alterations of the Pancreas in SAP in Mice {#sec3.1}
------------------------------------------------------------------------------------------------------------------------------------

Serum amylase and lipase are most commonly obtained as biochemical markers of AP, so we assessed the severity of SAP by measuring the levels of these enzymes. As shown in [Figure 1](#fig1){ref-type="fig"}, aspirin significantly reduced the levels of amylase and lipase in serum.

We investigated the histopathological alterations of the pancreas after administration of Cae and LPS. In control group, the histological features of the pancreas were typical of normal pancreatic architecture. Compared with the SAP group, we found that pretreatment with aspirin markedly reduced the histological features of pancreatic injury in L-ASA and H-ASA group, characterized as lower degree of edema, less inflammatory cell infiltration, and alleviated acinar cell necrosis. Additionally, the high-dose aspirin pretreatment was more effective than the low-dose aspirin pretreatment (Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}).

3.2. Aspirin Decreased the MPO Activity of Pancreas in SAP Mice {#sec3.2}
---------------------------------------------------------------

MPO activity in the pancreas was examined to evaluate the neutrophil infiltration into the damaged tissue. As shown in [Figure 3](#fig3){ref-type="fig"}, mice with SAP showed increased MPO activity in pancreas; however, aspirin significantly reduced the MPO activity in pancreas ([Figure 3(c)](#fig3){ref-type="fig"}). Similar changes were also observed at the immunohistochemical staining of MPO in pancreatic tissue (Figures [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}).

The level of proinflammatory cytokines was used to evaluate the degree of AP, involved in the aggravation of AP. In the murine model of SAP, as expected, we found that the mRNA expression of IL-6 and TNF-*α* in pancreatic tissue was significantly upregulated but reduced after aspirin treatment (Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}). The activation of NF-*κ*B plays a key role in the induction of several proinflammatory mediators. The nuclear translocation of the NF-*κ*B transcription factor is the hallmark of signal pathway activation. In identification of inflammatory pathways in the pathogenesis of aspirin on the role of SAP, we examined the expression level of NF-*κ*B p65 by immunohistochemical staining. As shown in [Figure 4](#fig4){ref-type="fig"}, aspirin reduced NF-*κ*B p65 nuclear protein expression in pancreas (Figures [4(c)](#fig4){ref-type="fig"} and [4(d)](#fig4){ref-type="fig"}).

3.3. Aspirin Induced Acinar Cells Apoptosis and Alleviated the Expression of Bax, Bcl-2, and Caspase 3 {#sec3.3}
------------------------------------------------------------------------------------------------------

The apoptosis of acinar cells was analyzed by TUNEL staining. As shown in Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"}, Cae combined with LPS could induce pancreatic acinar cells apoptosis. And compared with the SAP group, the number of TUNEL-positive cells was significantly increased by the treatment of aspirin. Compared with the SAP group, the mRNA and protein expression levels of Bax and caspase 3 were significantly higher, and those of Bcl-2 were significantly lower in the ASA group (Figures [5(c)](#fig5){ref-type="fig"}--[5(e)](#fig5){ref-type="fig"}).

3.4. Aspirin Reduced the Expression of RIP1, RIP3, and p-MLKL in Pancreas of Mice with SAP {#sec3.4}
------------------------------------------------------------------------------------------

Recent study indicated that necrosis was also regulated by programmed pathways which was similar with apoptosis, and this programmed cell necrosis indeed existed in acute pancreatitis \[[@B22]--[@B25]\]. According to the pancreatic H&E stain, we observed that aspirin remarkably alleviated the necrosis of pancreatic acinar cells (Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}). We further adopted Western Blot to examine the alterations of RIP1, RIP3, and p-MLKL protein levels in pancreatic tissue; amazingly, the expressions of RIP1, RIP3, and p-MLKL were significantly reduced in aspirin administration group and it was consistent with the pathological results in [Figure 6](#fig6){ref-type="fig"}.

3.5. Aspirin Reduced the COX-1 and COX-2 Level of Pancreas in SAP Mice {#sec3.5}
----------------------------------------------------------------------

Aspirin is a kind of NASIDs and it could restrain the activity of cyclooxygenase (COX). In our study, we have verified that aspirin had effects on cyclooxygenase and our results showed that, after Cae joint LPS administration, COX-1 slightly increased while COX-2 elevated dramatically in comparison with the control mice. At the same time, after aspirin intervention, the activities of COX-1 and COX-2 were inhibited to different degrees compared with the SAP model mice, as shown in [Figure 7](#fig7){ref-type="fig"}.

3.6. Aspirin Alleviated the Histopathological Alterations of the Lung {#sec3.6}
---------------------------------------------------------------------

Acute lung injury (ALI) is one of the most common complications of SAP. Therefore, we detected the degree of ALI in mice with SAP as a supplement in this experiment. Results showed that the histological features of lung injury in SAP were markedly reduced with aspirin pretreatment, characteristic as lower thickness of alveolar, less neutrophils infiltration, and alleviated alveolar congestion, as shown in [Figure 8](#fig8){ref-type="fig"}.

4. Discussion {#sec4}
=============

In this study, we for the first time confirmed that aspirin could remarkably alleviate the severity of SAP and protects against acinar cells necrosis by downregulation of RIP1, RIP3, and p-MLKL expressions. In murine model, SAP and its associated lung injury induced by Cae joint LPS injection are similar to the clinical manifestations of human SAP and lung damage \[[@B26], [@B27]\]. In our present study, we investigated the effect of aspirin in a model of SAP and associated lung injury in mice. Our observation demonstrated that aspirin significantly alleviated the pancreatic damage in SAP and associated lung injury, as shown by the results of histological characteristics, MPO activity, and serum amylase and lipase levels (Figures [1](#fig1){ref-type="fig"} [](#fig2){ref-type="fig"}--[3](#fig3){ref-type="fig"} and [8](#fig8){ref-type="fig"}). In addition, aspirin inhibited the nuclear protein expression of NF-*κ*B p65 in acinar cell and the mRNA expression levels of TNF-*α* and IL-6 in the pancreas ([Figure 4](#fig4){ref-type="fig"}), which was critical for the local tissue injury expanding to the systemic inflammatory responses in AP.

Apoptosis and necrosis have a significant impact on the pathogenesis of AP. In the early stage of AP, various factors could cause pancreatic acinar cell injury/death; thus acinar cells necrosis would increase the intracellular activity of trypsin of pancreatic tissue, releasing various inflammatory mediators and triggering inflammation cascade. However, apoptosis of acinar cells would reduce the release and activity of trypsin and alleviate inflammation cascade. Hence, it is generally recognized that necrosis is the initiator of inflammation, and apoptosis has a protective effect on acinar cell \[[@B26], [@B28]\].

Aspirin has been shown to promote apoptosis and regulated the expression of Bax, Bcl-2, in other cells types \[[@B29], [@B30]\]. In our study, aspirin promoted acinar cell apoptosis by TUNEL staining (Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"}), and the results of immunohistochemistry and RT-PCR show that aspirin significantly suppressed the expression of Bcl-2 and upregulated the expression of Bax (Figures [5(c)](#fig5){ref-type="fig"}--[5(e)](#fig5){ref-type="fig"}); of note, aspirin further increased caspase 3 protein expression in acinar cells, and such upregulation was correlated positively with acinar cell apoptosis and protection against acinar cell necrosis. Furthermore, high dose of aspirin group showed better protective effect than low dose of aspirin.

In the past, programmed cell death was thought to occur only in apoptosis. This form of cell death is characterized by induced changes that minimize its impact on neighboring living cells. Recent findings have revealed, however, that, another form of death, necrosis can also be dictated by defined molecular pathways, one of which involving RIP1, RIP3, and p-MLKL as key molecules, and this kind of programmed necrosis is named necroptosis \[[@B31]--[@B33]\]. It was found that the necrosis of pancreatic acinar cell in Cae induced AP model in RIP3 defect mice or MLKL defect mice was significantly decreased in comparison with wild type mice \[[@B23], [@B34], [@B35]\], which indicated that necroptosis played an important role in AP. To our knowledge, there was no study at present focusing on the effects of aspirin on necroptosis pathways. In our study, we adopted Western Blot to observe that aspirin obviously reduced the expressions of RIP1, RIP3, and p-MLKL for the first time and it was consistent with the results of H&E stain ([Figure 6](#fig6){ref-type="fig"}). Collectively, we speculated that aspirin protected pancreatic acinar cells against necrosis via impairing necroptosis pathways by downregulated expression of RIP1, RIP3, and p-MLKL.

In addition, aspirin is a cyclooxygenase inhibitor and mainly inhibits the activity of COX-1 as well as COX-2 at some times. As we know, COX-1 is fundamentally expressed in various organs while COX-2 is inducible expression and a variety of traumatic chemical, physical, and biological factors can activate the expression of COX-2. Previous study has found that COX-2 played an important role in the pathogenesis of AP and the inhibition of COX-2 could markedly alleviate the inflammatory response in AP mice \[[@B36]--[@B41]\]. Our results indicated that, after the induction of SAP model by Caerulein combined with LPS, the level of COX-1 in pancreatic tissue was not elevated obviously while the level of COX-2 increased by 2.5 times and this was in accordance with the physiological function of them. In our study, it was observed that aspirin could decrease the level of COX-1 and COX-2 in a dose-dependent manner ([Figure 7](#fig7){ref-type="fig"}), which on the one hand confirmed the pharmacological effects of aspirin as NASIDs and on the other hand proved that aspirin alleviated the inflammatory responses and protected against acinar cell injury by inhibiting COX-2 in AP.

Taken together, our study showed that aspirin could reduce the severity of SAP and protect pancreatic acinar cell against necrosis in mice. It is possible that aspirin may be a promising clinical therapeutic strategy for the treatment of SAP in future.
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![Effect of aspirin on serum amylase and lipase levels in SAP. Blood samples were collected before and 12 and 24 hours after first Cae injection for amylase and lipase analysis. Data are represented as mean ± SD (*n* = 8--12 per group). ^*∗*^ *P* \< 0.05 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.001){#fig1}

![Effect of aspirin on pancreas histology in SAP. Pancreas was dissected 24 hours after first Cae injection. (a) Representative HE staining and (b) histological scores of pancreas are shown. ^*∗*^ *P* \< 0.05 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.002){#fig2}

![Effect of aspirin on the neutrophil infiltration in pancreas. MPO activity in the pancreas was examined to evaluate the neutrophil infiltration into the damaged tissue. (a) Representative Immunohistochemistry images for Myeloperoxidase (MPO) in the pancreas. (b) The frequencies of MPO positive cell in pancreas. (c) MPO activity of pancreas. ^*∗*^ *P* \< 0.05 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.003){#fig3}

![Anti-inflammatory effect of aspirin in SAP. The mRNA expression of proinflammatory cytokines TNF-*α* (a) and IL-6 (b) was detected by RT-PCR. 18S was used as the internal reference for total tissue proteins. (c) Representative Immunohistochemistry images for NF*κ*B p65 in the pancreas. (d) The frequencies of MPO positive cell in pancreas. ^*∗*^ *P* \< 0.05 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.004){#fig4}

![Effect of aspirin on apoptosis of acinar cells in SAP. The apoptosis of acinar cells was analyzed by TUNEL staining. (a) Representative Immunohistochemistry images for TUNEL staining. (b) The frequencies of TUNEL-positive cell in pancreas. The mRNA (c) and protein (d, e) expression levels of Bax, Bcl-2, and caspase 3 in pancreas. ^*∗*^ *P* \< 0.05, ^*∗∗*^ *P* \< 0.01, and ^*∗∗∗*^ *P* \< 0.001 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.005){#fig5}

![Effect of aspirin on necrosis pathway of pancreatic acinar cells in SAP. (a) RIP1, RIP3, and p-MLKL expressions detected by Western Blot analysis. (b) Relative protein expression of RIP1, RIP3, and p-MLKL. ^*∗*^ *P* \< 0.05, ^*∗∗*^ *P* \< 0.01, and ^*∗∗∗*^ *P* \< 0.001 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.006){#fig6}

![Effect of aspirin on COX-1 and COX-2 level of pancreas in SAP. Pancreatic tissues were collected 24 hours after first Cae injection for COX-1 and COX-2 analysis. Data are represented as mean ± SD (*n* = 8 per group). ^*∗*^ *P* \< 0.05, ^*∗∗*^ *P* \< 0.01 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.007){#fig7}

![Effect of aspirin on lung histology in SAP. Lung was dissected 24 hours after first caerulein injection. (a) Representative HE staining and (b) histological scores of lung are shown. ^*∗*^ *P* \< 0.05 versus SAP group, ^\#^ *P* \< 0.05 versus L-ASA group.](BMRI2016-6089430.008){#fig8}

###### 

Primer sequences for RT-PCR.

  Primer                             Sequence (5′ to 3′)
  --------- ------------------------ ----------------------
  TNF-*α*   Forward                  CTGTGAAGGGAATGGGTGTT
  Reverse   CAGGGAAGAATCTGGAAAGGTC   
  IL-6      Forward                  TTCTTGGGACTGATGCTG
  Reverse   CTGGCTTTGTCTTTCTTGTT     
  18S       Forward                  GGAAGTGCACCACCAGGAGT
  Reverse   TGCAGCCCCGGACATCTAAG     

[^1]: Academic Editor: Andrea Mencarelli
